Changing the composition and structure of a bimetallic surface system modifies its electronic properties and thus its catalytic activity. Based on density functional theory calculations, we will discuss the electronic factors underlying the modified properties of bimetallic surfaces such as overlayer systems and in particular surface alloys. It will be demonstrated that by mixing two metals a new metallic compound can result whose properties are not intermediate but beyond those of both constituents so that for example by adding a relatively inert metal a more reactive surface can result. Besides the reactivity also the stability of the bimetallic systems will be briefly discussed.
INTRODUCTION
Many chemical reactions are significantly accelerated when they occur in the presence of a solid surface, in particular metallic surfaces. This it the basis of heterogeneous catalysis which is of tremendous technological importance. However, catalytic reactions are also interesting from a fundamental point of view. A true understanding of the underlying electronic factors governing of chemical activity can ultimately even lead to the design of novel catalysts [1] . Catalytically active metals are mainly late transition metals such as platinum or palladium. By mixing different metals, alloys result which may have improved catalytic activity and selectivity. Another important aspect is to identify catalysts based on less expensive and more available metals [2] . In this context, in particular bimetallic catalysts have been studied intensively, both at the solid-vacuum as well as the solid-liquid interface [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The activity of bimetallic catalysts is often discussed using the concepts of the ensemble and the ligand effect [3, 12] . The term ensemble effect refers to those reactions where a certain number of active sites is required for the reaction to occur so that by blocking a large ensemble of active sites this reaction can be suppressed. For example, the selectivity towards reactions that only need a small ensemble of active sites can thus be increased. The catalytic activity of a bimetallic system is also modified by the direct chemical interactions between the components which influence their electronic structure and thus their catalytic activity; this is called the ligand effect. In addition to this pure electronic effect, the modifications of the interatomic distances in a bimetallic system can also have a significant influence on its electronic structure and thus on its catalytic activity. This geometric effect should also be taken into account together with the ensemble and ligand effects when the reactivity of bimetallic systems is discussed. Experimentally, it is often not easy to disentangle all these effects. In this review, I will show that first-principles total energy studies based on periodic density functional theory (DFT) calculations are well capable of discriminating between them by selecting appropriate systems which are not necessarily realistic but are governed by one particular mechanism.
In order to discuss the trends found in the catalytic activity of bimetallic systems as a function of modified interatomic distances and/or the chemical interaction, the d-band model [13, 14] has been quite successful: for example, tensile strain or the interaction with an inert metal species leads to a narrowing of the metal d-band due to the reduced overlap of the wave functions. If the d-band is more than half-filled, i.e., if the metal is a late transition metal, then the band narrowing leads to an increase in its fraction that lies below the Fermi energy and consequently to a higher population of the d-band. Because of charge conservation, however, the d-band moves up in order to preserve its degree of d-band filling [15] . And according to the d-band model, there is a linear relationship between the d-band center shift δε d and the change in the chemisorption strength ∆E d [16, 17] ,
where a is an electronic adsorbate level and V is a coupling matrix element that is assumed to be constant for similar situations. This means that the upshift of the d-band upon lattice expansion or reduced interaction in late d-band metals causes a stronger interaction with adsorbates. It is important to realize that the higher binding to lower coordinated sites at nanostructured surfaces can be explained by a similar reasoning [14, 18] : A lower coordination, i.e., a smaller number of nearest neighbors also leads to a band narrowing and a subsequent upshift of the d-band center.
In a previous work, our studies of bimetallic overlayer systems were already reviewed [6] showing that the dband model can indeed be applied successfully to explain the chemical trends found in these overlayer systems. I will briefly summarize these findings and mainly concentrate on surface alloys in this review. I will in particular emphasize that the mixing of two metals can lead to a compound whose properties are beyond those of the single constituents. Furthermore, we will briefly address the issue of the stability of bimetallic systems which is important for the use of bimetallic systems in real catalysts. 
ADSORPTION ON BIMETALLIC OVERLAYER SYSTEMS
In this section, we will discuss the reactivity of bimetallic overlayer systems. First a note of caution should be made as far as the definition of reactivity is concerned. Here we will mainly identify reactivity with the interaction of the surfaces with adsorbates. However, high catalytic activity usually is the consequence of a compromise. On the one hand, the interaction between the catalyst and the reactants should be sufficiently strong in order to lead to, e.g., lower dissociation barriers than in the gas phase. On the other hand, this interaction should be weak enough so that the products can desorb again. Still, the interaction strength of molecules with surfaces is often closely correlated with the reactivity for a large class of catalytic reactions, for example via a Brønsted-Evans-Polanyi-type relation [19] .
A typical overlayer system is illustrated in Fig. 1 . I will only consider pseudomorphic layers here which means that the overlayer atoms will have the same lateral lattice spacing as the substrate. This induces strain in the overlayer when there is a lattice mismatch in the lattice constants of substrate and overlayer. It is now wellestablished that strain can significantly modify adsorption energies and reaction barriers on surfaces [20] [21] [22] [23] [24] . In addition, there is the direct electronic interaction between overlayer and substrate.
The first system I will address is the PtRu system. This system is of strong current interest in the context of CO tolerant fuel cell catalysts. CO binds so strongly to many catalysts that they become poisoned because all catalytic active sites are blocked by CO. Experimentally it has been confirmed that the addition of Ru to Pt leads to an increased CO tolerance [9, 25, 26] which means that this bimetallic catalyst is not that easily poisoned by CO.
In order to shed light on the microscopic mechanism of this increased CO tolerance of the PtRu system, a combined experimental and theoretical study of the adsorption of CO on Pt layers on Ru(0001) was performed [27] . The lattice constant of Pt is 2.5% larger than the one of Ru; still Pt grows pseudomorphically on Ru(0001) up to at least four monolayers [27, 28] which allows a close comparison between experimental and theoretical results. Experimentally, it was found that the desorption temperature of CO on Pt/Ru overlayers rises with increasing number of Pt monolayers indicating a stronger binding for a larger number of Pt layers. Still, the CO desorption temperatures are well below the corresponding temperatures on pure Pt(111) as well as on Ru(0001) [27] . Calculated DFT adsorption energies of CO on Pt/Ru(0001) as a function of the number of Pt overlayers are shown in Fig. 2 . The DFT calculations were performed using the generalized gradient approximation (GGA) to describe the exchange-correlation effects [29] . The adsorption energy of the CO molecule was calculated according to
where E surf+CO is the total energy of the bimetallic substrate with the adsorbed CO while E surf and E CO are the energies of the corresponding clean bimetallic system and the free CO molecule, respectively. It should be noted that the adsorption energy becomes negative for stable adsorption. With the term "binding energy" I will refer to the absolute value of the adsorption energy. The CO adsorption energy plotted in Fig. 2 for an infinite (∞) number of Pt layers was obtained for a Pt(111) substrate with the lateral lattice constant of Ru. In addition, the CO adsorption energies on pure Pt(111) and Ru(0001) are plotted.
As far as the adsorption of CO on Pt(111) is concerned, DFT calculations yield the wrong adsorption site: whereas experiments find the top site to be the most favorable adsorption site for the CO molecule on the Pt(111) surface, periodic DFT calculations using local or semi-local functionals predict the fcc hollow site to be more stable [30] . There is evidence that this socalled CO/Pt puzzle is caused by the overestimation of the back-donation into the 2π * orbital of CO which is mainly due to the fact that the HOMO-LUMO gap is too small in most of the semi-local DFT exchange-correlation functionals [31] . Using the GGA+U method to enlarge the HOMO-LUMO gap leads to a correct site assignment [31] . However, the DFT studies presented here are concerned with chemical trends as a function of the bimetallic atomic configuration. These should be reliably reproduced by first-principles calculations regardless of the correct site preference. Hence only the top site was considered in the study of the CO adsorption on Pt/Ru overlayer systems [27, 32] .
Inspecting Fig. 2 , first of all it is obvious that the CO binding energies on all considered PtRu systems are smaller than the CO binding energies on Pt(111) and Ru(0001). This is an example for the case mentioned in the introduction: the CO binding energies on the bimetallic system are below those on both pure components, i.e., the bimetallic compound shows properties that are beyond those of the single constituents. Similar results have also been found for the CO adsorption at the top sites of PtRu alloy surfaces [33] .
This reduced binding of CO to the Pt/Ru overlayer systems is due to a combination of geometric and direct electronic (ligand) effects, as a careful analysis of the DFT calculations reveals. The comparison of the results for the CO adsorption on relaxed Pt(111) and Pt(111) with the lateral lattice constant of Ru demonstrates the effect of the lattice strain on the CO binding. Here we have the opposite scenario as outlined in the introduction: the Pt layer on Ru(0001) is compressed by 2.5% which leads to a broadening of its local d-band and consequently to a downshift of its d-band center, as confirmed in the DFT calculations [27, 34] . This explains a reduction in the CO binding by 0.2 eV upon the compression of the Pt layer.
There is a further weakening of the binding of CO to the Pt/Ru(0001) overlayer system when the number of Pt overlayers is reduced. It is important to note that Ru with its only slightly more than half-filled d-band is rather reactive. It has a large cohesive energy and is also strongly interacting with the Pt overlayer which is associated with a strong downshift of the d-band center of the Pt atoms. Using bond order concepts, the strongly reduced binding of CO to one Pt overlayer on Ru(0001) can be explained by the strong direct Pt-Ru interaction which makes Pt interact less strongly with adsorbates. Figure 2 demonstrates that the influence of the direct Pt-Ru interaction is only operative for CO binding to the first two Pt overlayers, for more than two overlayers its effect is only minor.
The same trends as just discussed have also been found on PtRu alloys [33] and also in the adsorption of atomic and molecular oxygen on Pt/Ru overlayers [34] . Hence the findings discussed in this section can be summarized in the hypothesis that depositing a less reactive metal (Pt) on a more reactive metal (Ru) makes the overlayer even less reactive.
BIMETALLIC SURFACE ALLOYS
Bimetallic overlayer systems are very interesting from a fundamental point of view because they allow a discrimination of direct electronic and geometric strain effects, as just demonstrated for the Pt/Ru system. However, usually these overlayer systems are often not thermodynamically stable against either segregation or intermixing of the two compounds. Even if some metals are immiscible in the bulk they might still be able to form alloys at the surface. These surface alloys correspond to ultrathin alloy films on top of some substrate. Such a situation is illustrated in Fig. 3 where a ordered monolayer surface alloy with a (2 × 2) structure on a (111) substrate is shown. If the two components of a bimetallic system are also miscible in the bulk, then a alloy restricted to the surface region can still be prepared but will correspond to a metastable structure whose transformation is kinetically hindered.
Experimentally, the adsorption of CO on ultrathin CuPd alloys deposited on Ru(0001) was studied [36] using temperature-programmed desorption (TPD). As far as pure pseudomorphic Pd and Cu monolayers on Ru(0001) are concerned, the TPD experiments found that the CO binding on Pd/Ru(0001) is weaker and on Cu/Ru(0001) stronger than on the corresponding elemental surfaces. This can be understood taken into account strain effects because Pd is compressed and Cu expanded on Ru(0001). As for the PdCu surface alloys on Ru(0001), the experimentalists speculated that ensemble, ligand and strain effects act in a cooperative, synergetic manner [36] . These experimental findings motivated a theoretical study addressing the interaction of CO with CuPd surface alloys on Cu(111), Pd(111) and Ru(0001) by means of periodic DFT calculations [35] . The calculated CO adsorption energies at the top and the most favorable adsorption sites of pseudomorphic CuPd monolayer surface alloys on Cu(111), Pd(111) and Ru(0001) are shown in Fig. 4a and Fig. 4b , respectively, as a function of the Pd concentration in the surface alloy. Note that Pd is usually catalytically more active than the noble metal Cu because the Pd d-band is not completely filled. At the top sites, CO is mainly interacting with the metal atom direct beneath it. Astonishingly, Fig. 4a demonstrates that the adsorption energies of CO on all top sites become less negative, i.e., the binding energies become smaller when the Pd concentration is increased. This means that the single Cu and Pd atoms in this surface alloy interact less strongly with CO when the more reactive metal Pd is added. This surprising behavior becomes clear when the size of the Pd and Cu atoms are considered. The 4d metal Pd has a lattice constant that is 8% larger than the one of the 3d metal Cu. Thus increasing the Pd concentration in the surface alloys metal substrate corresponds to replacing smaller Cu atoms by larger Pd atoms. This effectively induces a compressive strain in the surface alloy monolayer, and this compression leads to a reduction in the interaction of the single metal atoms with CO, similar to the case of Pt overlayers on Ru presented in the previous section.
In Fig. 4a , we have considered CO ontop adsorption as a probe of the reactivity of the single metal atoms. However, as far as the adsorption at the energetically most favorable sites on the PdCu surfaces alloys are concerned (Fig. 4b) , it is obvious that the CO binding becomes stronger with increasing Pd concentration. On Pd, CO prefers high-coordinated adsorption site. Consequently, at the ordered surface alloys, the most favorable adsorption sites change from the Pd top site over the Pd bridge site to the three-fold coordinated Pd hollow site with increasing Pd concentration. This means that the binding energies of CO to the CuPd surface alloys exhibits an ensemble effect: it becomes stronger with the availability of higher-coordinated Pd sites in spite of the fact the single Pd atoms interact less strongly with CO for increasing Pd coverages. Hence ensemble and ligand effects show opposite trends as a function of the Pd concentration in CuPd surface alloys.
Next we discuss PtAu bimetallic structures on Au(111). Here again we add the more reactive metal (Pt) to a noble metal (Au), however, now this more reactive metal has a lattice constant that is 5% smaller than the one of the noble metal Au. Both Pt/Au(111) overlayer systems as well as one-and two-layer PtAu surface alloys on Au(111) were considered in DFT calculations [37, 38] . The CO adsorption energies on these different bimetallic systems at the top sites and at the energetically most favorable sites as a function of the Pt concentration given in monolayers (ML) are plotted in Fig. 5 . For the relaxed Pt(111) surface, the wrong site assignment is demonstrated in Fig. 5 : the three-fold hollow site is predicted to be more stable than the top site, in contrast to the experiment [30] , as discussed above. Interestingly, at a Pt slab with the larger lateral lattice constant of Au, denoted by ∞ in Fig. 5 , both adsorption sites become practically degenerate. Furthermore, there is a much stronger binding at the expanded Pt(111) surface, as expected from the previous examples.
We will first concentrate on the CO adsorption at the
Pt concentration on Au(111) (ML) most favorable adsorption sites. For three Pt layers on Au(111), there is almost no direct influence of the underlying Au(111) substrate, indicated by the fact that the CO adsorption energies do not differ from the values of the expanded pure Pt(111) surface. However, reducing the number of Pt layers to two leads to a significantly stronger binding. This can be explained by the weak interaction between Pt and Au: Because the Pt atoms are relatively weakly coupled to Au, they can bind adsorbates more strongly. This is also reflected in the corresponding shift of the local Pt d-band center [37] . Interestingly enough, for one-layer PtAu surface alloys the CO binding becomes weaker again, however, this trend reversal can not be derived from the position of the d-band center [37] . A careful analysis reveals that rather a long-range direct repulsion between CO and the Au atoms of the substrate are responsible for this effect [37] . Exactly the same behavior has also been found for the adsorption on Pd/Au overlayer systems [39, 40] . As far as the CO adsorption at the Pt top sites of the one-layer surface alloys is concerned, it is basically independent of the Pt concentration, in contrast to the PdCu surface alloys shown in Fig. 4a . In fact, for the PtAu surface alloys we have two counteracting effects. Adding noble Au atoms to the surface alloy reduces the mutual interaction between the metal atoms in the first layer which makes the Pt atoms more reactive. On the other hand, the addition of the larger Au atoms effectively induces compressive strain in the first layer which makes the Pt atoms less reactive. Obviously, both effects nearly cancel each other leading to CO adsorption energies at the top sites that are practically independent of the composition.
Interestingly, the replacement of an Au atom in the second layer by a Pt atom results in a stronger binding of CO, as the comparison of the one-layer and two-layer surface alloy results in Fig. 5 indicates. Obviously, the additional Pt atom in the second layer reduces the direct second-layer repulsion. Furthermore, an analysis of the electron density revealed that due to the lower symmetry of the two-layer surface alloy compared to the one-layer surface alloy there is a better coupling of the CO σ orbitals with the Pt d orbitals. Thus the maximum binding energy is obtained for a Pt concentration of 1.33 ML. This is in fact in good agreement with the experiment that found the maximum CO binding at approximately 1.3 ML coverage of Pt [41] .
It is important to note that on both the Pt/Au and the Pd/Au overlayer systems and on the PtAu surface alloys with a concentration of more than 1 ML the CO binding is stronger than on the pure metal surfaces. Based on these findings, the following hypothesis can be made: Depositing a more reactive metal on an more inert metal with a larger lattice constant makes it even more reactive. A similar conclusion was also drawn in a combined experimental and theoretical study of the NO x decomposition over silver-rhodium bimetallic surfaces where the addition of the unreactive noble metal enhances the catalytic activity [42] .
STABILITY OF SURFACE ALLOYS
So far we have determined the interaction of bimetallic overlayer systems and surface alloys with adsorbates for a variety of different given structures. We have identified some of the microscopic mechanisms that lead to an enhanced reactivity of these bimetallic surfaces. However, an industrially used catalyst material often has to sustain rather harsh conditions such as high temperatures and pressures. Hence the stability of bimetallic structures is an important issue in the design of catalyst with improved properties. This is particularly important for bimetallic nanostructures such as deposited metal clusters [18] which might easily show sintering effects at higher temperatures.
An important quantity for the stability of surface alloy is the formation energy which corresponds to the energy gain or cost upon the formation of the bimetallic system from an elemental substrate with the corresponding number of metal atoms exchanged with bulk reservoirs. For the PtAu/Au(111) surface alloys, this formation energy can be evaluated using
Here, E PtxAu (1−x) /Au(111) is the total energy of the is the cohesive energy of element X.
The calculated formation energies for one-layer and two-layer PtAu surface alloys on Au(111) are plotted in Fig. 6 . It is obvious that all calculated surface alloy formation energies are positive. This indicates that these PtAu surface alloys on Au(111) are not thermodynamically stable so that they can not be used in real catalysts. The systems might not only exhibit segregation of the consituents, but the added metal species might also diffuse into the bulk which is usually the case for atoms that are smaller than the substrate atoms, as for Pt on Au. However, the conversion of the surface alloy is kinetically hindered so that it is still possible to perform surface science experiments with these surface alloys, as demonstrated [41] , as long as the temperatures in the experiment are not too high. Furthermore, it is interesting to note that the two-layer surface alloys are more stable than the one-layer surface alloys, most probably because of a better strain relief in the two-layer PtAu surface alloys at the same Pt concentration.
All the bimetallic systems considered so far correspond to ordered structures with rather small surface unit cells because of the computational costs associated with calculating structures with larger unit cells. However, surface alloys are not necessarily ordered, and even if they exhibit a short-range order, there might be no long-range order. In order to address such systems, DFT calculations are too time-consuming. However, it is still possible to address such alloy systems based on first-principles results. The energetics of the alloy system can be expressed using the so-called lattice gas Hamiltonian [43] 
where E( R i ) is the single-particle energy of a atom at site R i , and V 2 and V 3 are the two-particle and three-particle interactions, respectively. The occupation numbers n i are either 0 or 1 depending on whether the adsorption site in cell R i is empty or occupied. Note that the same model for the three-dimensional bulk description is known as the cluster expansion [44] . Usually only two-particle interactions are included, but for certain problems also so-called triples corresponding to three-particle interactions have to be included [45] .
The parameters E, V 2 , V 3 , . . . appearing in Eq. (4) can either be derived from experiment or from periodic DFT calculations. For PdCu surface alloys, effective pair interaction (EPI) parameters
for A = Pd and B = Cu were determined from atomic resolution scanning tunneling microscopy (STM) images using Monte Carlo simulations [46] . These parameters describe the energetic difference between like and unlike pairs atoms at sites R i and R j . For example, V ij < 0 corresponds to a more attractive interaction between unlike pairs favoring mixing. Using these parameters, the ground state structures and mixing energies at 0 K were determined and compared to mixing energies derived from DFT calculations of different ordered surface alloys, yielding a good agreement. Figure 7 shows simulated images of Cu 2 Pd surface alloys on Ru(0001) at 1 K (a) and 600 K (b) obtained with a Monte Carlo algorithm. At 1 K, a rather wellordered structure is formed. This is a consequence of effective nearest-neighbor attraction between unlike neighbors, and it is also reflected by a negative mixing or alloy formation energy in both the Monte Carlo based EPI and the DFT calculations.
However, at higher temperatures, as demonstrated in Fig. 7b , there is no short-range order any more. According to a more quantitative analysis, the orderdisorder transition occurs at a temperature of about T c = 100 K. A similar low value of T c was also reported for PdAu/Ru(0001) surface alloys [47] . These values are much smaller than the transition temperatures for the corresponding bulk alloys. This can be explained by the lower coordination of the atoms in a surface alloy compared to a bulk alloy which reduces the energy costs associated with a defect in an ordered structure so that the entropic driving force for disordered structure is operative at lower temperatures. This explains why in the experiment no ordered CuPd structures were found. The preparation of the surface alloys rewuires temperatures above 600 K to provide sufficient mobility for diffusion and intermixing within a reasonable period of time, and at these high temperatures, no ordered structures form.
CONCLUSIONS
In this brief review it was shown that the properties of bimetallic overlayer systems and surface alloys can be distinctly different from those of the single constituents. For example, adding a inert metal can lead to an enhanced catalytic activity. However, in addition to the modified reactivity of the bimetallic systems also their stability is an important issue which can also be adressed from first principles combined with statistical approaches. The insights gained from theoretical studies might open the way to the rational design of catalysts materials with desired catalytic activity, selectivity, and stability
